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We report on the growth and characterization of SrRuO3 single layers and SrRuO3 /SrTiO3 /SrRuO3
heterostructures grown on SrTiO3(100) substrates. The thickness dependence of the coercivity was
determined for these single layers. Heterostructures with barrier thickness tb51, 2.5, and 4 nm were
fabricated, with electrodes having thickness ranging from 10 to 100 nm. The hysteresis loops of
heterostructures with tb52.5 nm, 4 nm reveal uncoupled magnetic switching of the electrodes.
Therefore, these heterostructures can be used for the fabrication of magnetic tunneling junctions.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1555372#Considerable efforts are focused on the research on mag-
netic tunnel junctions ~MTJ!, since they constitute an impor-
tant alternative for higher density MRAMs and other spin
devices.1,2 In order to build these junctions, heterostructures
involving two ferromagnetic electrodes separated by an in-
sulating nonmagnetic barrier must be grown. With the aim of
having functional tunnel junctions, the magnetic electrodes
must be magnetically uncoupled, i.e., they must rotate at
different fields, so that the switch between parallel and anti-
parallel alignments of the electrode magnetizations is al-
lowed. This feature must be reflected in different coercivities
for the two electrodes, hence a control of the coercive field is
needed.
Certainly La12xSrxMnO3 ferromagnetic electrodes offer
substantial advantages due to their full spin polarization.
However, they suffer a serious drawback: its response is very
disappointing as the magnetoresistance of manganite-based
MTJ decays very fast with temperature and becomes negli-
gible well below the Curie temperature (TC).3,4 It is believed
that the nature of the ferromagnetic coupling in these oxides
~double exchange!, being extremely sensitive to the bond’s
topology and thus structural defects and interfaces, is at the
heart of the rather poor response at high temperature. There-
fore the use of SrRuO3 ~SRO! which is an itinerant
ferromagnet5–7 with a negative spin polarization (P
529.5%) when measured by tunnel experiments with a
SrTiO3 barrier8 may have some advantages compared to
those based in manganites, when used in the fabrication of
MTJ. In this article we report on the growth and character-
ization of SRO single layers and SrRuO3 /SrTiO3 /SrRuO3
~SRO/STO/SRO! heterostructures with the aim of being used
in MTJ. First, we will show that film coercivity can be con-
trolled by the thickness of the SRO film. This information
will be used to grow uncoupled SRO/STO/SRO trilayers of
different thickness.
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grown on SrTiO3(100) substrates by pulsed laser deposition
~PLD! with a KrF excimer laser of l5248 nm at a repetition
rate of 3 Hz. The bulk cell parameters of SRO and STO are
0.393 ~pseudocubic! and 0.3905 nm, respectively, thus the
structural mismatch is about 0.64%. The SrRuO3 electrodes
were grown with an oxygen pressure of 0.1 mbar, while the
insulating SrTiO3 barrier of thickness tb51, 2.5, and 4 nm
were grown in an oxygen pressure of 1023 mbar. The sub-
strate remained throughout the growth of the heterostructures
at a temperature of 675 °C. Oxygen pressure was progres-
sively increased after switching off the laser, while the sub-
strate was cooled down, in order to avoid any possible loss
of oxygen.
Prior to the fabrication of these heterostructures, epitax-
ial SRO/SrTiO3(100) films of various thicknesses
(t54 – 320 nm) were grown using similar processing condi-
tions. X-ray characterization,9 including u-2u, w scans and
reciprocal maps, revealed that the films are fully strained for
all thicknesses reported here. This is achieved by the rela-
tively small lattice parameter mismatch and the chosen
growth conditions. In addition, these samples were fully
characterized by magnetic and electrical transport measure-
ments. The resistivity–temperature curves (r – T) show a
well-defined kink associated to the onset of ferromagnetic
order. This feature determines accurately the Curie tempera-
ture by plotting dr/dT curves and locating the peak appear-
ing at the transition temperature ~Fig. 1 inset!. Thus, we ob-
tain values of the Curie temperature TC>130 K for films
with thickness t.10 nm. Furthermore, the films have room
temperature resistivities in the range 200–400 mV cm, and a
residual resistivity ~at 4 K! of 80–100 mV cm.
Magnetic measurements performed on the 320 nm thick
film ~not shown!, reveal that the easy direction of magneti-
zation lies in an out-of-plane direction. Even in the thinner
films, the demagnetizing field is far smaller than the anisot-
ropy field, since 4pM S’2.5 kOe, and values exceeding 205 © 2003 American Institute of Physics
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expected that the easy axis of magnetization lies in the out-
of-plane direction for any value of thickness. In fact, Izumi
et al. reported a uniaxial out-of-plane magnetic anisotropy
for an ;1 nm thick SRO film in SRO/STO superlattices.12
Hysteresis loops at low temperature ~5 K! have been mea-
sured for SRO single layer films of different thickness with
the magnetic field applied both within the plane of the film
and normal to it. The experimental data are included in Fig.
1, from which the coercive field (HC) is determined. As
expected, a similar thickness dependence of HC is observed
for both field orientations. This dependence was already
found in some previous reports.12–14 It follows from data in
Fig. 1 that we can control the coercive fields of the ferro-
magnetic electrodes through the thickness.
In order to build the SRO/STO/SRO heterostructure, the
first step is to grow the STO insulating layer on top of the
bottom SRO electrode. In what follows we shall restrict our
description of results to those obtained using bottom elec-
trodes around 90 nm thick. To have operative tunnel junc-
tions it is of fundamental importance to know the surface
structure of the insulating layer. With this purpose we have
collected atomic force microscopy ~AFM! images of a STO
barrier of tb54 nm grown on a SRO~88 nm! layer. Figure
2~a! shows that the original structure of terraces and steps of
the SRO single layer15 is also visible on the STO surface.
The averaged roughness ~rms! is ;0.5 nm on a 535 mm
area. As illustrated by the line scan shown in Fig. 2~b!, steps
of two unit cells are commonly observed, separating terraces
of about 100 nm wide. Detailed inspection of the AFM im-
ages shows the presence of 2D ~up to two unit cells high!
islands, most of them close to the steps, although there are
other in the middle of the terraces. Island density, size, and
space distribution suggests that the first growth mechanism is
nucleation at step edges of the underlying SRO/STO struc-
ture. This observation is consistent with previous reports of
SRO growth on STO miscut substrates.16
From the above analysis it appears that the STO barrier
is of good quality and flat enough to be used as an insulating
barrier in a SRO/STO/SRO structure. Notice that the height
of steps and islands, as well as the depth of a few holes that
were observed, are below 1 nm. Consequently, the 4 nm
thick STO layer is expected to be able to uncouple electri-
cally and magnetically the SRO electrodes.
FIG. 1. Coercive field of SRO single layers at 5 K as a function of thickness
for fields applied perpendicularly ~d! and along ~s! the plane of the films.
Inset: Resistivity ~r! of a SRO single layer as a function of the temperature,
together with dr/dT . The peak appearing in the latter is used to track the
Curie temperature.Downloaded 15 Jun 2010 to 161.116.168.169. Redistribution subject tIn Fig. 3 we plot the magnetization versus temperature
M (T) for both a trilayer SRO~14 nm!/STO~4 nm!/SRO~100
nm! and the bilayer STO~4 nm!/SRO~88 nm!. In agreement
with the above discussion, and with the purpose of having
the smaller possible values for the switching fields, the ex-
ternal magnetic field in these measurements has been applied
perpendicularly to the film plane. We first note ~see inset in
Fig. 3! that the Curie temperature of the bilayer is TC
’123 K and that of the trilayer is TC’110 K. These TC
values are somewhat lower than those routinely obtained in
single SRO layers ~.130 K!. This observation suggests that,
very likely, during the growth of the STO barrier—done at a
lower pressure than that of the SRO electrodes—there is
FIG. 2. ~a! Top view image of the surface morphology of a bilayer STO ~4
nm!/SRO ~88 nm!; ~b! profile taken across the steps appearing in the previ-
ous image, showing that the steps are two units cell high.
FIG. 3. Plot of the magnetization ~m! vs temperature for both a SrRuO3
(14 nm)/SrTiO3 (4 nm)/SrRuO3 ~100 nm! ~SRO/STO/SRO! and a SrTiO3
(4 nm)/SrRuO3 ~88 nm! ~STO/SRO! heterostructures ~with an applied field
of 5000 Oe normal to the heterostructure!. Inset: The transition tempera-
tures, determined through locating the peaks in the dM /dT curves, are in-
dicated in this plot.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the corresponding TC .
In Fig. 4 hysteresis loops of the studied heterostructures,
with the field applied perpendicular to the plane, are plotted.
For the SRO~14 nm!/STO~4 nm!/SRO~100 nm! trilayer we
observe two different coercive fields HC1’4 kOe and HC2
’10 kOe, corresponding to the magnetization reversal of
each electrode. We should also stress that the jumps in mag-
netization associated with each coercive field are, within ex-
perimental error, consistent with the electrodes being uni-
formly magnetized, each with its own thickness. As seen in
Fig. 4, the jump in magnetization related to the lower coer-
cive field is Dm’2.531024 emu, whereas the full magne-
tization of the whole heterostructure is about ms’3.2
31024 emu. Assuming a uniform magnetization in each
electrode, we find that the ratio Dm/ms’0.78, whereas the
ratio between the nominal thickness of the bottom electrode
~100 nm! and the nominal whole electrode thickness is about
0.88. Thus, within this experimental error, the previous re-
marks suggest that the magnetization of each electrode ro-
tates independently. A similar analysis can be applied to the
SRO~9 nm!/STO~2.5 nm!/SRO~68 nm! heterostructure,
whose hysteresis loop is shown in the inset of the Fig. 4.
Here Dm/ms’0.67 and the ratio corresponding to the nomi-
nal thickness values is about 0.88. In passing we mention
that the magnetic saturation M S has a value of 1.3 mB /f.u.,
FIG. 4. Hysteresis loops for the SRO~14 nm!/STO~4 nm!/SRO~100 nm!
heterostructure and the STO~4 nm!/SRO~88 nm! heterostructure. The two
coercive fields are indicated. The magnetization jump corresponding to the
lower coercive field is also indicated. Inset: Hysteresis loop corresponding
to a SRO~9 nm!/STO~2.5 nm!/SRO~68 nm! heterostructure. All the measure-
ments were performed at 5 K.Downloaded 15 Jun 2010 to 161.116.168.169. Redistribution subject tin agreement with the reported values of M S , confirming the
good quality of the films.
In summary, we have been able to grow
SrTiO3 /SrRuO3 /SrTiO3 heterostructures with magnetically
uncoupled electrodes, thus opening the way to their use for
the fabrication of magnetic tunneling junctions. We can con-
trol the coercivities of the electrodes by setting their thick-
ness. Therefore, we can switch from parallel to antiparallel
alignment of the electrode magnetizations by sweeping the
applied magnetic field. After submission of this manuscript
we have known that recently Choi et al. have reported fab-
rication of MTJs based on SRO/STO/SRO structures.17
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